ABSTRACT A germ-free (GF) chicken model was used to test 2 hypotheses: 1. microbial colonization of the gastrointestinal tract (GIT) influences mucin gene expression and mucin types; and 2. mannan oligosaccharide (MOS) supplementation affects GIT cells directly, without bacteria mediation, compared with bacterialmediated effect (i.e., indirectly). Gnotobiotic isolators were used: 1) GF, 2) with a single bacteria population, and 3) conventionalized by exposure to cecal bacterial contents. Each was divided to 2 diet groups: with or without MOS (2 kg/t) for 1 wk. Results show that the absence of bacteria in the GIT caused a reduction in neutral and acidic goblet cell (GC) number and density, an increase in sulfated mucin, absence of sialylated GC, and reduced mucin 2 mRNA expression in the small intestine of GF compared with conventional birds. These results indicate a reduced development of mucin production and secretion in the absence of GIT bacteria implying a less mature small intestine mucosa, supporting our first hypothesis. Results from the single bacteria population group were not conclusive and did not support any of the hypotheses. Supplementation of MOS, regardless of microbial presence, caused a reduction in neutral GC number and density but increased neutral GC area. The MOS caused different effects on acidic mucins in conventional and GF birds, causing a reduction in sialylated GC number (conventional) and a reduction in sulfated GC density (GF), all supporting a direct effect of MOS in GF animals, in addition to an indirect effect via gut microflora.
INTRODUCTION
The mucus layer, a glycoprotein containing mucins synthesized and secreted by goblet cells (GC) in the gastrointestinal tract (GIT) epithelium, has a dual role both protecting the brush border area as a first line of defense between the external and the internal, and as a digestion-and absorption-assisting medium (Forstner and Forstner, 1994) . The mucins can be classified into 3 groups on the basis of their histochemical staining: neutral mucins, sialic acid-containing mucins, and ester sulfate-containing mucins (Filipe, 1979) .
Mannan oligosaccharide (MOS) is a mannan-based carbohydrate extracted from the outer cell wall of the yeast Saccharomyces cerevisiae (Spring et al., 2000) . Due to the constant search of a safe growth-promoting product in the animal feed industry, the use of MOS in broiler diets has been well researched in the last years. It is known to affect chicken GIT different characters, such as enzymatic activity, intestinal morphology, intestinal mucosa, and innate immune responses (Newman, 1994; Spring et al., 2000; Fernandez et al., 2002; Hooge, 2004; Yang et al., 2007a Yang et al., ,b, 2008b Baurhoo et al., 2007b Baurhoo et al., , 2009 . The effects of MOS on mucin dynamics and innate immune responses of broilers, which include changes in mucin secretion, GC per villi, GC size, and mucin gene expression, are well documented (Smirnov et al., 2005; Baurhoo et al., 2007a,b; Solis de los Santos et al., 2007; Chee et al., 2010) as well as alteration of gut microflora (Fernandez et al., 2000; Baurhoo et al., 2007a,b) and reduction of pathogenic bacteria (Fernandez et al., 2000; Spring et al., 2000; Sims et al., 2004; Yang et al., 2008a) .
Differences in intestinal mucin dynamics between germ-free and conventionally reared chickens after mannan-oligosaccharide supplementation
The role of gut microflora in the changes seen in mucin dynamics and innate immune responses after MOS supplementation to broiler diets remains unclear. Different gut microflora-related mechanisms have been suggested to be the responsible mode of action behind MOS effects on the broiler's intestinal mucosa. Among them are pathogen exclusion by MOS via blocking the type-1 fimbrae (Ofek et al., 1977; Ofek and Beachey, 1978) of different pathogens or by modulation of commensal bacteria populations leading to competitive exclusion of pathogens (Spring et al., 2000; Baurhoo et al., 2007a; Yang et al., 2008a) . Potential mechanisms, which could mediate observed physiological responses in the host mucin dynamics through commensal bacterial modulation, may include altered synthesis of bacterial catabolites (such as lactic acid, volatile fatty acids, ammonia, and bile acids) that are known to affect innate immunity and the intestinal mucosa (Pratt et al., 1996; Tappenden et al., 1998; Gaskins et al., 2008) . Changes in the commensal microflora can also affect changes in mucin types and dynamics (Meslin et al., 1999; Lu et al., 2003) .
Two hypotheses were tested in this study: 1. microbial colonization of the GIT of broilers influences mucin dynamics; and 2. MOS supplementation affects host responses by a direct mechanism of the MOS fibers on intestinal cells compared with an indirect effect where MOS fibers change microbial composition in the GIT and subsequent mucin dynamics (indirect mechanism). Accordingly, a germ-free (GF) model was used to address the 2 hypotheses. Three gnotobiotics isolators were used: 1) GF, 2) with a single bacteria population (referred as monoassociated), and 3) conventionalized by exposure to cecal bacterial contents. Each isolator was divided into 2 diet groups with or without MOS (2 kg/t) for 1 wk. All treatment groups were analyzed for mucin dynamics using histology, real-time PCR, and microbiology for determining mucin type, number and size of GC, MUC2 gene expression, and bacterial status (the presence or absence of bacteria in the intestine).
MATERIALS AND METHODS

Birds and Diets: Gnotobiotic Study
Germ-free chickens were reared according to methods previously developed in our laboratory (Drew et al., 2003) . One hundred forty-four fertile eggs (Ross 308, Aviagen, Huntsville, AL) were sterilized by immersion in bleach solution before incubation. At d 19 of incubation, 36 eggs were placed in each of 4 available HEPA-filtered gnotobiotic isolators before hatch. A poor hatch rate was experienced resulting in only 3 isolators with relatively small numbers of viable birds as indicated in Table 1 . As a result, a modified protocol was adopted such that only one isolator was conventionalized by exposure to cecal contents from a laying hen. Birds were offered ad libitum a corn-based gamma-irradiated starter diet designed to meet nutrient requirements (Table 2 ) and with or without MOS (2 kg/t). The gamma-irradiated diet was used to eliminate microbial contaminations from dietary sources. Peri-cloacal swabs indicated single poultry intestinal bacteria present in one isolator on d 2 posthatch. At 7 d of age, all birds were killed and tissues and intestinal contents were collected for analysis. All procedures involving animals were conducted with approval of the University of Saskatchewan Animal Research Ethics Board (protocol 20080026) according to the Guidelines of the Canadian Council on Animal Care.
Determination of Microbial Status
Cecal contents collected from all birds at 7 d of age were cultured on blood agar under anaerobic and aerobic conditions. Colony counts for birds from the conventional isolators were consistent with conventional flora abundant (Dumonceaux et al., 2006) . No colony growth was observed for birds reared in the GF isolator consistent with GF status. For the monoassociated isolator, bacterial growth was observed where colonies demonstrated a single morphology. Colonies were randomly selected and subcultured, followed by isolation of genomic DNA and cpn60 universal target amplification and sequencing. Sequence results were identical for all isolates (gcgactgttcttgctcaagcaatcttaaatgaaggtatcaagtcagtaactgcgggtatgaacccaatggatctgaaacgtggtatcgatattgcagtgaaaactttagttgctgaaatcaaggcgactgctcagcctgcttctgattctaaagcaattgagcaagtaggttcgatctctgctaactctgacactactgttggtaaactgattgcgcaagcaatggaaaaagtaggtaaagagggtgtgatcactgttgaagagggttcaggcttcgaagatgcacttgacgttgtagagggtatgcagtttgatcgtggttatatctctccatacttcgcaaacaaacaagacacgctaactgctgaacttgaaaatccatacatcctattggttgacaagaaaatcagtaacattcgtgaattgatcactgtactggaagcagttgcgaaaactggtaaaccacttctgatcattgctgaagatgttgaaggcgaagcgcttgcaactctggttgtcaacaatatgcgcggtatcattaaagtatgtgctgtt). Analysis of the sequence using cpnDB indicates the single bacterium belongs to the Acinetobacter genus, which are gram-negative and in the gamma proteobacteria family, although we cannot be clear about the identity of the single organism at the specie level. Final treatment assignment and number of birds pretreatment are shown in Table 1 . 
Tissue Sampling
At 7 d of age, all birds were killed by cervical dislocation. The intestine was removed and the ileum (Meckel's diverticulum to ileo-cecal junction) and cecum (not used for microbial status determination) were dissected. Intestinal contents were expelled from the ileum and cecum using gentle pressure and frozen at −80°C for molecular microbial analysis. A 1-cm tissue section from the median of each ileum and cecum was placed in formalin and subject to histological analysis. Approximately 3 to 5 cm of remaining tissue was snap frozen in liquid nitrogen and stored at −80°C for analysis of gene expression.
Conventional Study
The impact of microbial status, particularly GF, on ileal morphology and gene expression was markedly less than anticipated based on previous observation in the pig (Shirkey et al., 2006) . One explanation may be that conventionalization of GF birds in the isolators produced a microbiota with lower diversity compared with conventional floor-reared birds. Thus, a small conventional trial was conducted for comparative purposes. Twenty 1-d-old broiler chickens (Ross 308 Aviagen) were placed in 1 of 2 floor pens (10 birds/pen) and fed a corn soybean meal-based diet (Table 2) supplemented with or without MOS (2 kg/t). Wheat straw was provided as litter, and pens were inoculated with litter from 35-d-old broiler birds. At 7 d of age, all birds were euthanized by cervical dislocation to permit collection of tissue and intestinal contents as described for the gnotobiotic study.
Histological Parameters: Morphological Examination
For histological examination, samples of 8 birds from GF (4 control and 4 MOS treated), 13 birds from monoassociated (6 control and 7 MOS treated), and 16 birds from conventional (7 control and 9 MOS treated) were used. Intestinal segments were fixed in 4% (vol:vol) buffered formaldehyde, dehydrated, cleared, and embedded in paraffin wax for subsequent histological analysis. Consecutive longitudinal sections (7 µm) were placed individually onto Poly-L-Lysine coated Superfrost slides (Sigma-Aldrich, St. Louis, MO). Sections were then deparaffinized in CitriSolv clearing agent (Thermo-Fisher Scientific Inc., Waltham, MA) and rehydrated in preparation for staining. 
Mucin Staining
Staining of intestinal GC was performed using methods previously described (Forder et al., 2007) . Briefly, for the determination of neutral mucins, sections were subjected to mild acid hydrolysis to eliminate the contribution of sialic acid residues, before periodic acidSchiff staining (PAS). After rinsing with both tap and distilled water, sections were immersed in periodic acid solution (Sigma-Aldrich) for 20 min, washed, and immersed in Schiff's Reagent (Sigma-Aldrich) for a further 20 min. Sections were rinsed in tap water for 10 min, dehydrated, and mounted in DPX (Sigma-Aldrich). For staining of acidic mucins and for differentiation between sialo-and sulpho-mucins, high iron diamine (HID)/Alcian blue (AB), pH 2.5, staining was used. Sections were treated in HID solution for 16 h at room temperature, rinsed, and immersed in AB pH 2.5 for 5 min. Two additional slides were subjected to either a combined PAS/AB pH 2.5 or hematoxylin and eosin (H and E) stain, to observe general enterocyte and GC morphology. Sections were then rinsed, dehydrated, and mounted in DPX and examined by light microscopy using a 10× objective, and color images were captured.
Morphometric Measurements
The image analysis program VideoPro (version 6.210, Leading Edge Pty Ltd., Brisbane, Australia) was employed to measure a variety of parameters for each of the stained sections in which 10 villi/section were measured. Image J (http://imagej.nih.gov/ij) was used to calculate the number of GC per unit of villous area (mm 2 ). For HID/AB pH 2.5, individual counts were obtained for GC that stained either blue (AB) or brown (HID). The GC staining both brown and blue was counted separately and termed intermediate. The summed values provided a total count of GC in HID/ AB pH 2.5 sections. VideoPro was used to compute measurements of villous length (µm) apical and basal villous width (µm), crypt depth (µm), and total and individual GC areas (µm 2 ). Total villous surface area was calculated using the formula (basal villous width + apical villous width)/2 × villous height. All of the computed measurements were used for mucin dynamics character calculations.
Total RNA Isolation
Samples for total mRNA extraction were frozen in liquid nitrogen and stored at −80°C. Total RNA was isolated from the ileum and cecum using RNeasy Mini kit (Qiagen, Hilden, Germany). To minimize contamination with genomic DNA, RNA samples were treated with RNase-Free DNase (Qiagen).
Gene Expression Analysis by Real-Time PCR
Total RNA was reverse-transcribed to produce cDNA in a 20-µL volume containing 2 µg of extracted RNA.
Reverse transcription was carried out using a High-Capacity cDNA Reverse Transcription Kit according to the protocol of the manufacturer (Applied Biosystems Inc., Carlsbad, CA). The reaction was performed at 25°C for 10 min followed by 120 min at 37°C and 5 min at 85°C. Gene-specific primers were designed by Beacon Designer 4 (Premier Biosoft International, Palo Alto, CA) based on published cDNA sequences in the National Center for Biotechnology Information database, whereas some primers were selected from the literature and used for standard and quantitative PCR (Table  3) . Real-time PCR was performed on a Bio-rad CFX96 Real-Time PCR detection system on a C1000 thermal cycler (Bio-Rad, Guénette, Canada). The PCR reaction mixtures were prepared in Hard-Shell 96-well PCR plates (Bio-Rad) in duplicate and were composed of 12.5 µL of iQ SYBR green SuperMix (Bio-Rad), 1.5 µL of each primer (working dilution), 1 to 2 µL of the cDNA (diluted or neat), and adjusted to 25 µL with UV-sterilized water, DNA grade for DNA work (Fisher Scientific, Fair Lawn, NJ). All PCR were done in duplicate under the following conditions: 95°C for 3 min and 35 cycles of 95°C for 40 s, Ta for 40 s (annealing temperature varies with the specific primer listed in Table 3 ) and 72°C for 40 s. In addition, a melt curve was performed (65°C to 95°C increasing temperature by 0.5°C increments for 0:05 s) to confirm specificity of the PCR. Standard curves were generated to control for efficiency of PCR amplification among primer pairs and to permit quantitative analysis. Standard curves were created by pooling undiluted cDNA from each sample and diluting the pooled cDNA to dilutions of 1:5, 1:25, 1:125, and 1:625. Relative arbitrary values were assigned to cDNA dilution. For each gene target, threshold cycle values (Ct) were plotted against the corresponding relative arbitrary value for each dilution (Bio-Rad CFX Manager software 1.6). Interpolation in the standard curve of the mean Ct values obtained for test cDNA samples yielded arbitrary values corresponding to specific transcript abundance. Each 96-well plate contained a separate standard curve for determination of arbitrary values. All 6 tested housekeeping genes investigated to normalize expression data were significantly affected by dietary supplementation with MOS (data not shown). As a result, gene expression data are reported using 2 different approaches. First, because cDNA is prepared from the same amount of total RNA using identical protocols for all samples, nonnormalized arbitrary value are reported. Expression data were also normalized by dividing nonnormalized values by values for final selected housekeeping genes (PRDX6 and GAPDH).
Statistical Analysis
Gene expression data were analyzed using the PROC MIXED procedure of SAS (SAS 9.2), analyzed using a 3 × 2 factorial design. Histology data were analyzed by (SPSS for Windows Version 14, SPSS GmbH, Munich, Germany). The model included the main effects of microbial status (conventionalized, monoassociated, and GF), diet (with or without MOS), and the interaction. Differences were considered significant at P < 0.05.
RESULTS
Effect of Microbial Status: Goblet Cell Numbers and Mucin Subtypes
Histochemical results in the ileum are summarized in Table 4 . The effect of microbial status on mucin dynamics included a decline in neutral and acidic GC number and density in birds that were either monoassociated or GF. Among the acid-stained mucins, the number, density, or both of sulfated GC, associated with immature mucosa, were increased in monoassociated and GF birds. Small numbers of sialylated GC, consistent with a mature phenotype cells, were observed only in conventional birds. Intermediate staining (mixture of sulfated and sialylation) GC decreased in monoassociated and GF birds. A decrease in mean acidic GC area was observed in the ileum of monoassociated and GF birds.
Histochemical results in the cecum are summarized in Table 5 . The effect of microbial status on mucin dynamics was marked and contrasted to the small intestine such that neutral and acidic GC number, density, and total area were increased in monoassociated and GF birds. However, in similarity to the small intestine, the number and density of acidic GC positive for sulfation, associated with immaturity, was increased in the cecum of monoassociated birds. Curiously, this effect on sulfated mucin was not observed in GF chicks (Table  6 ). Mean neutral GC size was decreased in monoassociated and GF birds. In case of significant interaction in both tissues, see Table 6 for separation.
MUC2 Gene Expression
When normalized to tested housekeeping genes (GAPDH or PRDX6), MUC2 expression was reduced in monoassociated and GF birds in the ileum. Nonnormalized MUC2 expression was numerically reduced (Table  7) . No effect of microbial status on MUC2 expression was observed in the cecum (Table 8) .
Effect of MOS: Goblet Cell Numbers and Mucin Subtypes
In the ileum (Table 4) , the effects of MOS were shown mainly in the neutral GC. The results shows a reduction 2 GAPDH = glyceraldehyde 3-phosphate dehydrogenase; PRDX6 = peroxiredoxin 6; MUC2 = mucin 2; Con = conventional; Mono = monoassociated; GF = germ free; MS = microbial status; Int = interaction.
in the number and density of neutral GC after MOS supplementation, whereas mean neutral GC area was increased by MOS. In addition, there was an increase in acidic GC in the monoassociated group (with a similar trend in conventional) versus a decrease in the GF group (Table 6 ). Sulfated GC density in GF birds was reduced after MOS supplementation, with no effects on sulfated GC density in the conventional or monoassociated birds, whereas sulfated GC number was reduced in GF and elevated in monoassociated. Sialylated GC were essentially only found in the ileum of conventional birds, where MOS supplementation markedly reduced their number to the level found in monoassociated and GF birds. Intermediate GC were not affected by MOS.
In the cecum (Table 5) , there was some evidence of increased sulfated (number and density) GC in conventional and GF birds supplemented with MOS, but this effect was reversed in the monoassociated birds. Intermediate GC density was higher in the conventional birds fed MOS, but lower in monoassociated and GF. Because significant treatment interactions were observed in both tissues, the relevant data were presented separately in Table 6 .
MUC2 Gene Expression
In the ileum (Table 7) , MOS increased expression of all genes measured including several tested housekeeping genes (data not shown), which made normalization of gene expression data questionable and interpretation difficult. When normalized to all tested housekeeping genes, MUC2 expression was dramatically increased by MOS. Nonnormalized MUC2 expression was numerically increased by MOS (Table 7) . No effect of MOS on MUC2 expression was observed in the cecum (Table 8) .
DISCUSSION
The effects of gut microflora, with and without MOS, on the GIT mucosal layer were investigated in this study. Previous studies regarding the chicken's intestinal mucosal layer development and mucin subtypes indicate that in the first days before hatch the mucins produced are of the acidic subtype. At hatch, neutral mucins are coproduced in the GC (Uni et al., 2003) , a unique character for chickens due to the immediate digestion of complex carbohydrate after hatch, in comparison with rodents in which neutral mucins are produced in a later developmental stage (Sklan, 2001; Forder et al., 2007) . A high degree of sulfation within the acidic mucins is characteristic for less mature GC (Turck et al., 1993) . The clearest effects of microbial status, the presence or lack of bacteria, were observed in goblet and mucin staining in the small intestine (ileum). In general, the absence of sialylation in the small intestine and high levels of sulfation in the cecum of GF and monoassociated birds were consistent with a more immature small intestine mucosa in these groups. In addition, lower GC density (acidic and neutral) in the small intestine and reduced MUC2 expression (numerically for nonnormalized in GF) indicate reduced development of mucin secretory architecture and reduced mucin secretion at this location. Interestingly, GC density (both neutral and acidic) increased in the cecum of monoassociated and GF birds. Increased GC number in cecum in the monoassociated and GF birds is surprising, although similar observations were made in proximal small intestine of gnotobiotic pigs (Shirkey et al., 2006) and in rodents (Szentkuti et al., 1990) and may indicate a peculiarity in GC differentiation and migration. An increase in GC number without increased MUC2 gene expression in cecum suggests that mucin secretion per GC is reduced. These results indicate an effect of microbial status not only on the mucin composition, but also on GC (acidic and neutral) numbers and area size, in comparison with Forder et al. (2007) , who reported low bacterial load birds differed from conventionally reared birds in mucin composition but not in the total acidic GC numbers. The presence of sulfated mucins during the first week of development of GF birds is consistent with previous developmental and low bacterial load reports (Hill et al., 1990; Forder et al., 2007) , and this confirms our first hypothesis that microbial colonization of the GIT of broilers influences mucin dynamics. These results, showing a less developed and immature intestinal mucosal layer in the GF and monoassociated birds, call attention to the important role and influence of intestinal microflora in the development and matura- tion of this "first line of defense" of the host, although the exact mode of action is unknown. The results of this study also show significant changes in mucin dynamics after MOS supplementation to GF birds, which supports our second hypothesis and indicates MOS supplementation affects host responses by a direct mechanism in addition to indirectly via changes in gastrointestinal microbial composition. The most consistent and dramatic result of MOS in the small intestine is a clear reduction of predominantly sialylated GC in conventional birds, suggesting MOS may reduce the maturational effect of bacterial colonization on mucin biochemical development. In contrast, in GF birds with no bacterial colonization, MOS stimulated mucin maturation as evidenced by a reduction in sulfated acidic GC density and an increase in neutral GC density and mean area in the ileum. The dramatic effect of MOS on housekeeping genes in ileal tissues was observed, making interpretation of gene expression data very difficult. The different housekeeping genes tested were 18S, GAPDH (glyceraldehyde 3-phosphate dehydrogenase), β-actin, UBC (ubiquitin), G6PD (glucose-6-phosphate dehydrogenase), and PRDX6 (peroxiredoxin 6). All of them show a significant change after MOS supplementation (data not shown). These results indicate a more general effect of MOS on the host mRNA expression, although the reasons for this are unclear.
Observed physiological responses to MOS supplementation were apparent in both conventionalized and gnotobiotic (GF and monoassociated) birds. Significant interactions between MOS supplementation and microbial status were observed (Table 6 ), but these also support direct effects of MOS, a microbial product itself, which produced a different response when products (or stimuli) of microbial origin were absent. There is a partial similarity among the 2 intestinal locations with respect to MOS-mediated changes in mucin dynamics, but this may not be surprising given the contrasting response to microbial status. The impact of MOS in the cecum appears less dramatic than in the ileum.
It should be noticed that the source of the single bacterium found in the monoassociated group is unclear. Although it is generally agreed that chickens hatch from the egg with sterile digestive tract, few studies argue the possibility of intestinal bacteria presence in the chick embryo (Pedroso et al., 2008) .
In conclusion, the results of this research support our 2 hypotheses tested. First, showing intestinal microflora presence in the GIT has an effect on mucin dynamics and mucin development. In addition, the results indicate that MOS supplementation effects the GIT mucus layer in a direct manner, without the mediation of bacteria, in addition to indirectly via commensal bacteria in the GIT. We suggest that MOS have ligand-receptor interactions with host transmembrane receptors directly affecting host response parameters, such as mucin dynamics, innate immune responses, and enterocyte functionality. Previous research suggested interactions of different oligosaccharides (MOS, inulin, oligo-fructose) with carbohydrate receptors located on either epithelial or immune cells in the GIT (Seifert and Watzl, 2007; Cheled-Shoval et al., 2011) . Different candidates for those potential intestinal transmembrane receptors include the galectin family receptors (Almkvist and Karlsson, 2004; Forder et al., 2007) , mannose receptors (Netea et al., 2006) , and Toll-like receptors (Harris et al., 2006; Cheled-Shoval et al., 2011) . Attachment to immune cells is another alternative possibility that can occur through the attachment to carbohydrate receptors located on the immune cells, such as the C-type lectin-like receptors Dectin-1 (Brown, 2006a,b; CheledShoval et al., 2011) . Further research, combining in vivo GF trials and in vitro techniques, is required to start to reveal the possible pathways behind the direct mode of action of MOS.
